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Phonon-plasmon-coupling in the ternary group-III-nitrides InGaN and AlGaN is investigated
experimentally and theoretically. Based on the observation of broadening and shifting of the A1(LO)
mode in AlGaN upon Si-doping, a lineshape analysis was performed to determine the carrier
concentration. The results obtained by this method are in excellent agreement to those from Hall
measurements, confirming the validity of the employed model. Finally, neglecting phonon and plasmon
damping, the Raman shift of the A1(LO) mode in dependence of the carrier concentration for AlGaN
and InGaN is calculated. This enables a fast and contactless determination of carrier concentrations in
the future.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4739415]
Over the last few years, AlGaN and InGaN have forti-
fied their position as the most important materials for visible
to ultraviolet-optoelectronic devices.1,2 Although significant
progress has been made in the field of light emitting diodes
(LEDs) and laser diodes, the efficiency of such devices,
especially in the mid- and high-range Al-content region
(kgap< 310 nm), is still well below the theoretically expected
values and far from what is needed for broad commercial
application.3,4 The main obstacles that have to be overcome
to achieve high quality and highly efficient LEDs and laser
diodes are strain fields due to lattice mismatch between
InGaN/AlGaN layers and substrate, the efficiency droop,
p-doping of AlGaN, and a profound understanding and
reduction of the non-radiative recombination processes.
Raman spectroscopy is a powerful method to investigate
the structural and optical properties of semiconductor epi-
layers.5–8 Furthermore, it can be used to study the electronic
properties of crystals by exploiting the coupling of longitudi-
nal phonons to the electron plasma (LOPC).9–11 The advan-
tages of Raman spectroscopy over Hall measurements for
the determination of carrier concentration and mobility are
obvious: it is non-destructive, fast, enables measurements
with high spatial resolution, and can even be used in-situ.12
Especially in GaN, very impressive results have been dem-
onstrated, whereby the charge carrier concentration and mo-
bility have been determined with an accuracy comparable to
that of Hall measurements.13 Although LOPC was also
observed in AlN and InN, it is found to be much weaker in
these systems.14,15 For ternary group III-nitrides, only little
work has been done, so far. Very recently, results for AlGaN
were presented, demonstrating the validity and usefulness of
the LOPC-theory for AlGaN (Al-content around 68%, carrier
concentration 1017 cm3).16 However, no data are available
for other Al-contents or InGaN at all.
In this contribution, the effect of silicon doping on
AlGaN with 10% and 28% nominal Al-content is investi-
gated experimentally and theoretically. Additionally, LOPC
in InGaN is investigated theoretically. Samples are charac-
terized with Hall measurements and Raman spectroscopy. It
is demonstrated that Si doping leads to a relaxation of com-
pressive strain and a shift and broadening of the longitudinal
optical (LO) Raman mode. This behavior of the LO-mode is
explained by LOPC. Using the model of Irmer et al.,10 the
line shape of the LO-mode is fitted and charge carrier con-
centrations of the epilayers are determined. Results are com-
pared to those of Hall measurements and a good agreement
is found. Finally, using a model that neglects phonon and
plasmon damping, the Raman shift of the LO-mode depend-
ing on the carrier concentration is calculated. This calcula-
tion is performed for AlGaN and InGaN. An excellent
agreement between the results using this model and the
experimentally determined carrier concentrations in this
work and a recently published work by Kim et al. is found
demonstrating the strength of this method.16 The presented
work will help to establish Raman spectroscopy as a standard
tool for the determination of carrier concentrations in AlGaN
and InGaN, independently or complementary to Hall
measurements.
Not intentionally doped (nid) 1000 nm thick AlGaN
layers with 10% and 28% Al-content were grown by metal
organic chemical vapor deposition (MOCVD) on AlN/
sapphire substrates. For each undoped sample, a complemen-
tary sample doped with silicon was prepared. Room tempera-
ture Hall measurements were used to determine the charge
carrier concentration and mobility. Raman spectra were
recorded using a Dilor XY system with the 488 nm line of an
Ar-ion laser for excitation, a 2m double monochromator for
dispersion and a liquid nitrogen cooled charged-coupled
device (CCD) for detection. The fitting and simulation of the
spectra were performed using Mathematica.
Fig. 1 shows Raman spectra of doped and undoped
AlGaN with 10% and 28% Al-content recorded in the z(xx)z
geometry. In addition to the Raman modes of the substrate
(AlN, sapphire), two peaks arising from the AlGaN layers can
be observed for all samples:12 the E2(high) mode at around
570–580 cm1 and the A1(LO) mode at 760–810 cm
1. The
E2(high) mode is non-polar and consequently a good indicator
for strain in the samples. For the undoped samples, a compres-
sive strain is observed, which leads to a shift of around
3 cm1 to higher energies, compared to the expected value for
relaxed AlGaN.12 Apparently, the E2(high) shifts, independent
of the Al-content, to lower energies for the Si-doped samples
compared to the undoped samples. Thus, the Si-doping leads
to a relaxation of compressive strain as it was observed before
for AlN, GaN, and AlGaN.17–19 In contrast to the E2(high)
mode, the A1(LO) mode is polar: plasmons and phonons may
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couple and lead to a shift and broadening of the A1(LO)
mode. Fig. 2 displays Raman spectra in the area of the
A1(LO) mode for an undoped and a Si-doped sample with
10% Al-content. Each spectrum consists of a peak at around
750 cm1, which is related to the sapphire substrate and the
A1(LO) peak. It is obvious that the A1(LO) mode shifts to
higher energies and broadens upon Si-doping. Such a behavior
in doped samples was observed in GaN and AlN before9,14
and is explained by longitudinal optical phonon plasmon cou-
pling. In the case of coupled phonon plasmon modes, the LO-
mode splits into a so called LOPC and LOPCþ mode. At
low carrier concentrations the LOPC mode is plasmon-like
while the LOPCþ mode has the energy of the LO-phonons.
With increasing carrier concentrations their energies increase:
in the case of the LOPC the energy increases towards that of
the transversal optical (TO) phonons and in the case of the
LOPCþ to that of the plasmons. Following, the A1(LO) will
hereafter be referred as LOPCþ mode.
The charge carrier concentration and mobility can be
calculated from the parameters of a fit of the lineshape of the
LOPCþ mode. In this work, a model for binary materials is
used. This is mainly motivated by the simplicity of the
model, the fact that the LO-mode in AlGaN reveals a single
mode behavior and the good results from its usage as pre-
sented below and before.16,20 The lineshape of the coupled
modes can be described by the following expression:10,21
IA ¼ const  AðxÞ  ImfEðxÞ1g: (1)
Thereby, A(x) is related to the deformation potential and
electro-optic scattering, and E(x) is the dielectric constant.
A(x) depends on the Faust-Henry coefficient,21 the LO and
TO phonon frequencies of undisturbed AlGaN,20 the plasma
frequency xp, the phonon damping C, and the plasmon
damping c, whereby the last three variables are the fitting pa-
rameters of Eq. (1). The influence of each parameter on the
Raman spectra was nicely illustrated by Park et al. for
GaN.21 In addition to the measured Raman spectra, a fit of
the LOPCþ mode using Eq. (1) is displayed in Fig. 2
(straight line). From the plasmon frequency the carrier con-
centration can be calculated by using
xp ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4pne2
1m
r
; (2)
whereby n is the free carrier concentration and the other
symbols have their usual meaning. Table I lists the carrier
concentrations as determined by Hall measurements and the
plasma frequencies and carrier concentrations as determined
by the fit of the Raman spectra. A good agreement between
the results from Hall- and Raman measurements is found for
all samples. For the undoped samples, the carrier concentra-
tions calculated from the Raman spectra are below or around
low 1017 cm3. The main reason for the deviation of the val-
ues determined by Hall measurements are the dependence of
Eq. (1) on the position of the undisturbed A1(LO) and
A1(TO) modes, which are controversial in literature.
20,22 The
calculated values for the carrier concentrations in the doped
samples differ only by a factor of 1.3–1.8 to the measured
values. These are acceptable deviations and demonstrate the
high potential of this method for everyday application for the
determination of carrier concentrations in AlGaN by Raman
spectroscopy. In principle, it is also possible to determine the
charge mobility with this method. However, similar to obser-
vations in GaN and GaP,10,13 the values calculated for the
mobility for our samples differ very much from the measured
values. As the main parameter for the calculation of the
mobility is the plasmon damping, this deviation can be
caused by any other effect that broadens the LOPCþ mode,
such as broadening by elastic scattering or compositional
fluctuations.20
The dielectric constant E(x) in Eq. (1) depends on the
phonon and plasmon frequencies and damping.9 If the latter
is neglected and E(x)¼ 0, the equation simplifies and the fre-
quency of the LOPCþ- and an LOPC mode can be directly
calculated by
x2LOPC6 ¼
x2LO þ x2p
2
6
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2LO þ x2p
2
 !2
 x2TOx2p
2
4
3
5
vuuut : (3)
FIG. 1. First order Raman spectra of undoped and Si-doped hexagonal
AlGaN with 10% and 28% Al-content, respectively.
FIG. 2. Raman spectra in the area of the LO-Raman mode of undoped and
Si-doped Al0.1Ga0.9 N (squares) and related fits (straight lines). The spectra
consist of a substrate related peak around 750 cm1, a linear background,
and the LOPCþ mode of AlGaN (dotted line).
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Here, xLO and xTO are the composition dependent phonon
frequencies of undisturbed AlGaN or InGaN. In order to ena-
ble a fast and direct determination of the carrier concentra-
tion directly from the measured Raman spectra, without any
fitting procedure, the frequencies of the LOPCþ and LOPC
mode, depending on the carrier concentration, were calcu-
lated for the whole compositional range of AlGaN and
InGaN, as it was done before for GaN.9,13 The results of
these calculations are displayed in Fig. 3. For low carrier
concentrations in AlGaN as shown in Figs. 3(a) and 3(b), the
position of the LOPCþ modes directly scales with the Al-
content. This corresponds to the compositional dependence
of the energy of the A1(LO) mode. As carrier concentrations
increases the LOPCþ mode shifts to higher energies and
becomes more plasmon-like. Thereby, the slope of the Ga-
rich branches is much steeper, so that at carrier concentration
above 1019 cm3 the LOPCþ mode of AlGaN with less Al
has a higher energy. The driving force for this behavior is
the increased plasma frequency in AlGaN with higher Ga-
content. The energy scaling of the LOPC mode is converse
to that of the LOPCþ mode, as it is plasmon-like for low car-
rier concentrations and phonon like for increased carrier con-
centrations. It is important to mention that the LOPC mode
could not be observed for our samples, probably due to the
low intensity of this peak. Additionally, for ternary materials
a L0 gap mode is expected.23 Typically, this mode is trapped
between the energy of the LO and TO phonons of the two
sublattices. However, due to the single mode behavior of the
LO-modes in AlGaN, this mode is not expected for our
samples.
For the LOPCþ mode, which is the most commonly
used mode for the determination of the carrier concentration,
Eqs. (2) and (3) can be resolved to
nðxLOPCþÞ ¼ m
E1
4pe2
x4LOPCþ  x2LOx2LOPCþ
x2LOPCþ  x2TO
 
: (4)
This equation is extremely useful for a fast calculation of the
carrier concentration from Raman spectra. For a given Al- or
In-concentration, only the known literature values of the
effective mass,24 dielectric constant,24,25 and LO/TO fre-
quency20,26 need to be inserted from literature into Eq. (4).
The carrier concentration can then be directly calculated
using the measured LOPCþ frequency as the only input
parameter.
Corrected for the influence of the strain, the measured
position of the LOPCþ mode was taken from Fig. 1 and used
to estimate the carrier concentration using Eq. (4). Using this
method, we obtained very similar results compared to those
from Hall measurements and the values from the fitting that
included phonon damping (Table I) for all samples, except
for the doped sample with 28% nominal Al-content. For that
sample, the determined charge carrier concentration was a
factor of three lower than the value from Hall measurements.
Additionally, Eq. (4) was used to determine the carrier con-
centration from samples published very recently by Kim
et al.16 An excellent agreement between published values
obtained by Hall measurements and those calculated using
Eq. (4) is found. For example, for sample #D in the work of
Kim et al. a carrier concentration of 61017 cm3 is calcu-
lated which differs only very slightly from the value from
Hall measurements.16 These results prove that Raman spec-
troscopy in connection with Eq. (4) can be broadly used to
estimate carrier concentrations in AlGaN and InGaN.
In summary, we presented results from Raman spectros-
copy on undoped and Si-doped AlGaN layers as well as the-
oretical calculations for AlGaN and InGaN. In addition to
the relaxation of compressive strain induced by the Si-
doping of AlGaN, a strong coupling between phonons and
plasmons was observed, which is expressed by a shift and
TABLE I. Charge carrier concentrations as determined by Hall measurements (nHall), fitted Raman spectra using Eq. (1) (nRaman), and using the undamped
model as described by Eq. (4) (nundamped). For convenience, the plasma frequency (xp) and the position of the LOPC
þ mode are also listed.
Sample nHall (10
17 cm3) nRaman (10
17 cm3) xp (cm
1) LOPCþ (cm1) nundamped (10
17 cm3)
Al0.1Ga0.9N:nid <1 2.7 152 763 3
Al0.1Ga0.9N:Si 18 14 345 795 13
Al0.28Ga0.72N:nid <1 0.9 84 794 <1
Al0.28Ga0.72N:Si 23 13 337 809 8
FIG. 3. Calculated Raman shift of the LOPCþ [(a), (c)] and LOPC [(b),
(d)] mode depending on the carrier concentration for AlGaN (top) and
InGaN (bottom) with different Ga-contents.
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broadening of the A1(LO) Raman mode. The lineshape of
this mode was fitted using a model that was originally devel-
oped for binary materials. The fitting parameters were used
to determine the carrier concentration of the layers. An
excellent agreement was found between the results from
Raman spectroscopy and Hall measurements. Neglecting
phonon and plasmon damping, the Raman shift of the
LOPC-modes depending on the carrier concentration was
calculated for the whole compositional range of AlGaN and
InGaN. A simple and useful equation for the direct calcula-
tion of carrier concentrations from “as measured” Raman
spectra was introduced, and its ability to determine carrier
concentrations over a broad range of Al-contents was
demonstrated.
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